Whether the Amborella/Amborella-Nymphaeales or the grass lineage diverged first within the angiosperms has recently been debated. Central to this issue has been focused on the artifacts that might result from sampling only grasses within the monocots. We therefore sequenced the entire chloroplast genome (cpDNA) of Phalaenopsis aphrodite, Taiwan moth orchid. The cpDNA is a circular molecule of 148,964 bp with a comparatively short single-copy region (11,543 bp) due to the unusual loss and truncation/scattered deletion of certain ndh subunits. An open reading frame, orf91, located in the complementary strand of the rrn23 was reported for the first time. A comparison of nucleotide substitutions between P. aphrodite and the grasses indicates that only the plastid expression genes have a strong positive correlation between nonsynonymous (K a ) and synonymous (K s ) substitutions per site, providing evidence for a generation time effect, mainly across these genes. Among the intron-containing protein-coding genes of the sampled monocots, the K s of the genes are significantly correlated to transitional substitutions of their introns. We compiled a concatenated 61 protein-coding gene alignment for the available 20 cpDNAs of vascular plants and analyzed the data set using Bayesian inference, maximum parsimony, and neighbor-joining (NJ) methods. The analyses yielded robust support for the Amborella/AmborellaNymphaeales-basal hypothesis and for the orchid and grasses together being a monophyletic group nested within the remaining angiosperms. However, the NJ analysis using K a , the first two codon positions, or amino acid sequences, respectively, supports the monocots-basal hypothesis. We demonstrated that these conflicting angiosperm phylogenies are most probably linked to the transitional sites at all codon positions, especially at the third one where the strong base-composition bias and saturation effect take place.
Introduction
Recent molecular phylogenetic studies, using one to nine genes from three genomes, have proposed that Amborella or the Amborella-Nymphaeales clade was the most basal clade among the angiosperms and that the monocots diverged from ''some'' basal dicots, implying that dicots are paraphyletic (Chaw et al. 1997 [Amborella was not sampled in this study]; Mathews and Donoghue 1999; Qiu et al. 1999 ; see review in Savolainen and Chase 2003; Soltis et al. 2004;  D. E. Soltis and P. S. Soltis 2004a; P.S. Soltis and D.E. Soltis 2004b; Qiu et al. 2005) . In stark contrast to this hypothesis, three recent analyses based on 61 common genes of 11, 12, and 14 entire chloroplast genomes (cpDNA), respectively (Goremykin et al. 2003a (Goremykin et al. , 2003b (Goremykin et al. , 2004 , have revealed consistent support for Amborella and Nymphaea being divergent members of a monophyletic dicot assemblage. Therefore, Goremykin et al. (2004) claimed that the root of angiosperm phylogeny was at the basal monocot-dicot split and that the grasses (Poaceae) were the deepest branch in the phylogeny of the angiosperms.
The discrepancies in the above two hypotheses were focused on three issues: (1) the suitability of sampling only three species of grasses (Oryza sativa, Triticum aestivum, and Zea mays) to represent the monocots in the studies of Goremykin et al., (2) concerns over saturation at the third codon position, and (3) a long-branch attraction (LBA) between the grasses and the outgroup (D. E. Soltis and P. S. Soltis 2004a; Soltis et al. 2004; Stefanović, Rice, and Palmer 2004 ; but see Martin et al. 2005; Lockhart and Penny 2005) . Goremykin et al. (2005) added another species of Poaceae, Saccharum officinarum, and a nongrass monocot, Acorus calamus (Acoraceae), to their previous cpDNA data set. Their analyses contained support for both the grassesbasal and Amborella-Nymphaeales-basal hypotheses. The authors also demonstrated that ''the tree recovered under maximum likelihood (ML) is extremely sensitive to model specification, and the best symmetric model is misspecified.'' Consequently, Goremykin and his colleagues remain agnostic in regard to the phylogeny of basal-most angiosperms. Meanwhile, Leebens-Mack et al. (2005) analyzed an expanded cpDNA data set, notably adding three divergent nongrass monocots, and concluded that the AmborellaNymphaeales clade was basal-most in the phylogeny of the angiosperms, and the positions of the two taxa were dependent on the methods of analysis.
In view of the above controversies concerning the early divergence of angiosperms and the adequacy of sampling, we sequenced the entire cpDNA of Phalaenopsis aphrodite Reichb. f., Taiwan moth orchid. This cpDNA data will be a model for the monocot family Orchidaceae, which consists of approximately 30,000 species and is one of the four largest families of flowering plants (Atwood 1986 ). Further, we analyzed the substitution rates and patterns among the common genes and introns of P. aphrodite and the grasses and correlated their K s and K a differences across 65 protein-coding genes that belong to four functional gene groups in an attempt to elucidate the effects resulting from generation time and selection on the plastid genes of different functional groups.
We also tested the two above conflicting hypotheses by comprehensively analyzing a data set with the corresponding 61 protein-coding genes from 20 cpDNAs of vascular plants, including a recently available grass, Oryza nivara (wild rice; Shahid Masood et al. 2004) , and P. aphrodite. Three methods of phylogenetic analyses-Bayesian inference (BI), which has close connection to the ML method but with computational efficiency (Rannala and Yang 1996) , maximum parsimony (MP), and neighbor-joining (NJ)-were used to reconstruct the phylogeny of the angiosperms. The robustness of the tree nodes was compared to provide independent evaluations for rooting the angiosperms.
Materials and Methods
Chloroplast DNA Extraction and Genome Sequencing Leaves of P. aphrodite were obtained from seedlings at the four-leaf stage. A voucher specimen has been deposited at the Herbarium of Academia Sinica. Intact chloroplasts were fractionated with step percoll (40%-80%) gradient (Robinson and Downton 1984) . DNA was isolated according to acetyl trimethyl ammonium bromide based protocol (Stewart and Via 1993) and sheared into random fragments of 2-to 3-kb pieces using a Hydroshear device (Genomic Solutions Inc., Ann Arbor, Mich.), then cloned into the pBluescriptSK vector to generate a shotgun library. Shotgun clones were propagated, and their plasmids were used as templates for sequencing.
The sequencing reaction was performed using the BigDye terminator cycle sequencing kit (Applied Biosystems, Foster City, Calif.) according to the manufacturer's protocol. The DNA sequencer was an Applied Biosystems ABI 3700. The sequences determined from both ends of each shotgun clone were accumulated, trimmed, aligned, and assembled using the Phred-Phrap programs (Phil Green, University of Washington, Seattle, Wash.). We accumulated 1,728,000 nt, which is about 11.63 coverage. Database searches were conducted with the Blast algorithm in the National Center for Biotechnology Information (NCBI). The tRNAscan program was used to assign the tRNA genes.
Sequence Alignment and Substitution Rate Analysis
The cpDNAs of P. aphrodite and the five members of the grass family-O. sativa, O. nivara, T. aestivum, Z. mays, and S. officinarum-have 65 protein-coding genes in common. Before comparing the substitution rate among them, we made an aligned sequence data set consisting of 10 taxa, which included the cpDNAs of Calycanthu floridus var. glaucus, Nicotiana tabacum, and two species of Pinus, P. koraiensis and P. thunbergii (table 1) . Calycanthus and Nicotiana have relatively low nonsynonymous substitution rates among known cpDNAs, so they were selected as the outgroup for rooting the monocots. The Pamilo-Bianchi-Li (Kimura 1980) . Divergence values between two groups are presented as an average distance 6 standard error, obtained from the option ''Compute Between Groups Means'' in MEGA 2 program. To compare the evolutionary rates of the sampled lineages, Tajima's relative rate test, implemented in MEGA 2 was applied (Tajima 1993) . Because the method does not distinguish between K a and K s , the first two and the third codon positions were compared separately. Analysis of variance (ANOVA) in the SAS system (SAS Institute Inc., Cary, N.C.) was used to investigate variation in K s and K a among different groups of protein-coding genes between P. aphrodite and the five grasses.
Reverse Transcriptase-Polymerase Chain Reaction Assay and RNA Filter Hybridization
To verify the expression of orf91, total RNAs were extracted from the young leaves of P. aphrodite and tobacco using the reagent Trizol (Invitrogen, Carlsbad, Calif.). For reverse transcriptase-polymerase chain reaction (RT-PCR) assay, total RNA was treated with deoxyribonuclease I and then extracted with phenol/chloroform to eliminate any DNA contamination. The resulting RNA was reversely transcribed to make cDNA with a gene-specific primer orf91r (5#-ATGTCTATTTCACCGAGCCT-3#) and the Superscript II reverse transcriptase (Invitrogen, Indianapolis, Ind.). The primer pair, orf91f (5#-TTACCA-AAAACACAGGTCTCC-3#) and orf91r, amplified a 249-bp fragment under the following reaction conditions: 94°C for 2 min, followed by 35 cycles of 94°C for 20 s, 55°C for 20 s, and 72°C for 45 s, and ending with a 4-min extension at 72°C.
For the RNA blot, 5 lg of total RNA was electrophoresised in 1% formaldehyde-agarose gel, transferred to nylon membranes, and hybridized at 65°C. To make the RNA probes, the orf91 DNA fragments were PCR amplified and cloned into the pGEM vector to obtain pGEM91. The sense and antisense orf91 RNA probes were labeled with digoxigenin-11-uridine-5#-triphosphate by in vitro transcription using linear pGEM91 DNA as templates. Blots were washed twice for 15 min at 65°C with 40-mM NaPO 4 . Hybridized fragments were assayed following the manufacturer's protocol (Roche Applied Science, Indianapolis, Ind.).
Phylogenetic Analysis
Sixty-one protein-coding genes common to the eight complete cpDNAs, including one pine (P. koraiensis), three basal dicots (C. floridus, Amborella trichopoda, Nymphaea alba), two core eudicots (Atropa belladonna, Panax ginseng), and two grasses (S. officinarum, O. nivara), were extracted from the GenBank database and aligned with those of P. aphrodite and then integrated with the 12 cpDNA data set of Chaw et al. (2004) to generate two data sets, 20 cpDNAs (table 1) and 15 cpDNAs (i.e., excluding the five grasses).
Because the ML method can generate consistent angiosperm phylogenies from two recent cpDNA data sets Leebens-Mack et al. 2005) but is far too sensitive to model specification ), we applied the BI method instead to analyze our data. BI incorporates the Markov chain Monte Carlo (MCMC) process whose posterior probabilities are more reliable in measuring the accuracy of the estimated phylogeny (Rannala and Yang 1996) . Moreover, BI is so computationally efficient that it has recently been introduced as a powerful method for reconstructing phylogeny (Holder and Lewis 2003) .
Initially, a DNA substitution model for our data sets was selected using Modeltest, Version 3.7 (Posada and Crandall 1998) and the Akaike information criterion. Among the 56 models tested, the general time reversible (GTR) including rate variation among sites (1 G) and invariable sites (1 I) (5GTR 1 G 1 I) model was chosen as the best fit to our data sets, followed by the Transversional model 1 G 1 I and GTR 1 G models. For the BI method, we used MrBayes, Version 3.1 (Ronquist and Huelsenbeck 2003) . The MCMC chains were started from a random tree and ran for 60,000 generations. Trees were sampled every 100 generations, and a consensus tree was built from all trees, excluding the first 60 (burn-in).
Data sets were also analyzed with MP using the PAUP Version 4 (Swofford 2003) and NJ methods. Distance matrix generated from the GTR 1 G 1 I model was also utilized to reconstruct NJ trees in addition to other DNA and amino acid substitution models implemented in MEGA 2. We sought the MP tree with a heuristic search and simple sequence addition, a tree bisection and reconnection branch-swapping algorithm, and a ''MulTrees'' option in effect. Node confidence was determined by sampling 1,000 bootstrap replicates in both MP and NJ analyses.
Results

Overall Chloroplast Genome Properties and the Finding of Orf91
The complete cpDNA molecule of P. aphrodites is circular with 148,964 bp (NCBI accession number AY916449) and 64.4% A 1 T content. It shares a typical structure with the vast majority of land plant cpDNAs-a pair of inverted repeats (IRs) (25,732 bp each) separated by the large single copy (LSC) (85,957 bp) and small single copy (SSC) (11,543 bp) regions. The cpDNA encodes 110 different known genes (Supplementary table 1, Supplementary Material online), including 76 protein-coding genes, 4 rRNA genes, and 30 tRNA genes. In addition, 24 open reading frames (ORFs) were identified with a threshold of 225 bp. RNA editing occurs in the orchid because a C to U conversion was verified in the initiation codon of rpl2 transcripts.
An ORF, orf91, located in the complementary strand of the rrn23 gene (Supplementary fig. 1A , Supplementary Material online) was reported here for the first time. Its amino acid sequence is 81% similar to a hypothetical protein (NCBI accession number ZP_00203428) encoded in the genome of Anabaena variabilis. We also observed the orf 91 transcripts in the total RNAs of P. aphrodite and tobacco (Supplementary fig. 1B and C, Supplementary Material online), which testified to the fact that orf 91 was actually transcribed in the chloroplasts. However, further studies are required to determine if the orf 91 transcripts are translated and to characterize the function of the translated protein.
The 11 ndh Genes Are Either Lost or Nonfunctional in Taiwan Moth Orchid Unlike the sequenced cpDNAs of photosynthetic angiosperms that have 11 subunits of ndh, in P. aphrodite the ndhA, ndhF, and ndhH genes were completely absent. Only the remnants of the ndhB, ndhC, ndhD, ndhE, ndhG, ndhI, ndhJ, and ndhK sequences were found. They are either truncated and dispersedly deleted or frameshifted, suggesting that they are nonfunctional. Furthermore, the sequence of ndhD begins with ACG rather than ATG, but in our RT-PCR assays, a C to U conversion was not apparent in the ndhD transcripts, which indicates that ndhD is a pseudogene.
Monocots and Dicots Differ at the Locations of IR and LSC Junctions
The locations of IR and SC junctions have been known to vary among various cpDNAs (Maier et al. 1995; Goulding et al. 1996; Kim and Lee 2004) . We compared the exact locations of junctions (viz., JLB, JLA, JSB, and JSA, termed by Shinozaki et al. 1986;  fig. 2 ) and their adjacent genes among tobacco, Taiwan moth orchid, maize, rice, and wheat, in the hope of recognizing a general phylogenetic implication from the available cpDNAs. Figure 2 depicts the JLB of the Taiwan moth orchid to be situated in the coding region of rpl22, while in the grasses it is upstream of the gene. In the monocots, JLA is located downstream of the psbA. However, the JLB and JLA of tobacco are located upstream of rps19 and downstream of trnH, respectively. In monocots the IR sequences expanded so that two contiguous genes, trnH and rps19, and their intergenic spacer were encompassed ( fig. 2) . Although in the IRA of some monocot lineages the 3# portions of the rps19 sequences are almost eliminated (such as in A. calamus, is found in maize at the JSA. In the orchid 31 bp of rpl22 pseudogene is located at the JLB. The rps19-trnH cluster is located within IR regions in monocots, while in tobacco it is situated in the LSC (data not shown). Note the SSC in monocots being much shorter. Black triangles indicate gene loss.
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Alisma canaliculatum, and Pandanus ororayissimus; Chaw et al., unpublished data), the intergenic spacers preceding the remaining rps19 sequences are readily alignable with their homologues in the IRB regions. Therefore, we speculate that the rps19-trnH cluster was duplicated in the early evolution of monocots (Chaw et al., unpublished data) .
In the sampled angiosperms ( fig. 2) , the downstream sequences of JSB are conserved, with the ndhF gene next to it, except in the Taiwan moth orchid in which the gene was lost. The JSA positions in the Taiwan moth orchid and in tobacco resemble each other more than in the grasses in terms of the exact location and upstream gene order in the SSC regions.
SSC Sequences in the Taiwan Moth Orchid and Grasses Are Shorter Than Those in Other Angiosperms
The IR sequences of the grasses are much shorter than those of P. aphrodite and tobacco because of the loss of the giant ORF ycf2 (potentially specifying a protein of 2,290 amino acids in P. aphrodite) from each IR region. Furthermore, due to the truncation and scattered deletion of the ndh genes in P. aphrodite and the loss of the other giant ORF ycf1 (putatively encoding a protein of 1,816 amino acids in P. aphrodite) in the grasses, the SSCs of these two taxa are distinctly shorter than those of Acorus and dicots ( fig. 2) .
K a Vary Among Groups of Different Functional Genes
Tajima's relative rate test using either the two pines (P. koraiensis and P. thunbergii), C. floridus var. glaucus, or tobacco as the outgroup, consistently indicated that substitution rates at all three codon positions of the concatenated 65 gene loci are significantly slower in P. aphrodite than in any of the five grasses (all P , 0.001).
Figure 3 provides a glimpse into the dynamics of K s and K a values across the 65 protein-coding genes between the orchid and grasses. The K s and K a are highly variable across genes with the mean difference being 0.36 60.14 and 0.09 60.07 per site, respectively. The K s and K a values are the highest in the rpl32. In contrast, the psbI has the second highest K s values but the lowest K a values. Across the 65 protein-coding genes, it is evident that the correlation (Pearson's r 5 0.38, P 5 0.0016) between their K a and K s values is slight but significant.
To test if the specific gene groups have different influences from generation time effect or selection forces, we divided the 65 genes into four functional groups, gene expression (GE), photosynthetic apparatus (PA), photosynthetic metabolism (PM), and a miscellaneous group (MG). ANOVA indicates significant differences (P , 0.001) in mean K a divergences (md) among the four groups. Duncan's multiple range test also yielded a similar result (for GE vs. MG, md 5 ÿ0.072; GE vs. PA, md 5 0.102; GE vs. PM, Moreover, there is a strong positive correlation (Pearson's r 5 0.76; P , 0.0001) between K a and K s in the genes belonging to the GE group but no evidence of significant correlation between the two values in the other three gene groups. In MG, the correlation between the two values is positive but insignificant (Pearson's r 5 0.68; P 5 0.32), which is likely due to small sample size. In summary, among the cpDNA protein-coding gene groups the mean K a differences are more distinct than the mean K s , and the two values are correlated in the genes that are functionally specific for encoding GE. Figure 4 shows that the T s and T v values in the four rRNA genes (4.5S, 5S, 16S, and 23S) of the Taiwan moth orchid and the grasses are relatively low (all less than 0.05 substitutions per site) in comparison with the proteincoding genes in figure 3. As in the rRNA genes, substitution values in the five IR introns of the genes trnI, trnA, rpl2, rps12, and ndhB were very low. The other 10 shared LSC introns within trnL, trnV, trnK, atpF, ycf3(2), petB, petD, ycf3(1), rpl16, and rps16 had higher T s and T v values. We also observed that among the eight common introncontaining protein-coding genes in monocots, the K s of genes and T s of their introns are significantly correlated (Pearson's r 5 0.68, P 5 0.045), but the K a of genes and T a of their introns are not (Pearson's r 5 0.27; P 5 0.515).
K s of Intron-Containing Genes and T s of Their Introns Are Significantly Correlated
Amborella and Nymphaeales Are Basal Angiosperms and Monocots Are Monophyletic
After exclusion of unknown sites, difficult-aligned regions, start and stop codons, and all gaps, 38,383 sites were used for comparison and tree reconstruction. The variable sites were 18,022 bp, of which 12,748 were parsimony informative. The BI tree, MP tree, and GTR 1 G 1 I-NJ tree (based on the GTR 1 G 1 I substitution model) are shown in figure 5A1 -C1, respectively. In these trees, the orchid and grasses always form a clade with 100% bootstrap support, implying that the moncots are monophyletic. The MP method recovered only one tree with 42,090 steps (consistency index [CI], 0.608; retention index [RI], 0.660). The BI and GTR 1 G 1 I-NJ trees placed the AmborellaNymphaea clade at the base of the angiosperm phylogeny with robust support, but in the MP tree Amborella formed the basal-most clade with 100% bootstrap support, followed by Nymphaea, which in turn is sister to the remaining angiosperms with high support (84%). In the GTR 1 G 1 I-NJ tree ( fig. 5C1 ), the clade containing monocots and core eudicots was moderately supported (77%).
It has been shown that the third codon positions of plastid genes are saturated with substitutions (Goremykin et al. 2003a (Goremykin et al. , 2003b (Goremykin et al. , 2004 Chaw et al. 2004) and should be excluded from phylogenetic analysis. In this regard, the NJ analysis based on pairwise K a distance using the PBL model (K a -NJ tree) was performed. The K a -NJ tree ( fig. 5D1 ) suggests that the dicots and the monocots be separated into two robustly supported monophyletic clades. They diverge at the base of the angiosperms, and Amborella-Nymphaea and Calycanthus form a clade sister to the eudicots. Moreover, NJ analysis (data not shown) using the combined T v and T s distances of the first two , and D2 phylogenies the five grasses were excluded. Psilotum was selected as the outgroup in all trees with the two Pinus species used as an internal check. Most nodes on each phylogeny received 100% of the bootstrap replicates, and only values less than 90% were shown for each node. Scale bars denote substitutions per site except for B1 and B2, where scale bars denote steps. codon positions-estimated by LogDet, K2P, Tamura's three-parameter, and Tamura-Nei models-or using the amino acid distances estimated by the Dayoff Matrix and Poisson correction models separately, produced topologies identical (data not shown) to that in figure 5D1 .
Even after removing the grasses from the 20-species data set, angiosperm phylogenies recovered by the BI ( fig. 5A2) and GTR 1 G 1 I-NJ (fig. 5C2 ) methods still resembled figure 5A1 and C1 in topologies, respectively. Again, the Amborella-Nymphaea clade is highly supported and is a sister to the remaining angiosperms. In the MP tree (36,515 steps; CI, 0.648; RI, 0.564) ( fig. 5B2) , the Phalaenopsis clade becomes sister to all other angiosperms with 100% bootstrap support. If this MP tree is manually forced to have the same topology as figure 5B1 , only 75 additional steps will be required (data not shown). K a -NJ analysis in figure 5D2 suggests that Phalaenopsis and the (Calycanthus (Amborella, Nymphaea)) form a moderately supported clade, which is sister to the core eudicots. However, the topology of figure 5D2 is drastically different from that in figure 5D1 .
The Core Eudicots Comprise a Monophyletic Clade
All the trees in figure 5 indicate that the sampled eight core eudicots comprise a highly supported monophyletic clade, within which, except for figure 5D2, branching orders are congruent with one another ( fig. 5A1-D1 , A2-C2) and there are two sister clades, the Caryophyllales-asterids (Spinacia (Panax (Nicotiana, Atropa))) and the eurosids (Oenothera (Arabidopsis (Lotus, Medicago))). In each of the clades, the relationships between the taxa are consistent with the conclusions from the analyses of three genes, 18S rDNA, rbcL, and atpB (Soltis et al. 2000) , and four genes, with an additional 26S rDNA . In figure 5D2 , Medicago and Lotus (Fabaceae; table 1) were placed at the base among the sampled core eudicots. This placement is thought to be unreasonable because Fabaceae, a member of the eurosids, becomes an outgroup to the clade containing other two eurosids (Arabidopsis and Oenothera) and three asteroids (Panax (Nicotiana, Atropa)). We also conducted NJ analysis based on the K s values (under the PBL model), which produced a branching pattern of the eight core eudicots identical with that of figure 5D2 . Apparently, the NJ analysis using the K s distances yielded an unreliable phylogeny within the core eudicots.
Because Psilotum has a long branch from the common node of the angiosperms ( fig. 5) , it was removed from the analyses to avoid potential LBA. Whether or not Pinus was designated as the outgroup, the tree topologies and the support at the nodes remained the same in the BI, MP, GTR 1 G 1 I-NJ, and K a -NJ analyses.
Discussion
CpDNA Properties of P. aphrodites
The unusual loss and truncation/scattered deletion of ndh genes in the SSC region of P. aphrodites explain why this region is the smallest among the sequenced photosynthetic angiosperms (fig. 2) . The gene order in the LSC region of P. aphrodites ( fig. 2) is more collinear to those in dicots, such as Amborella, Nymphaea, Calycanthus, and tobacco, than to those in grasses, which include extensive gene rearrangements caused by inversions (Shahid Masood et al. 2004 and cited references). The minisatellite repeat elements contained in the introns of trnL of another orchid, Orchis palustris (Cafasso 2001) , are not found in P. aphrodites.
Our preliminary data indicate that in monocots the two IR sequences expand and encompass the rps19-trnH cluster, though in certain monocots the rps19 situated within the IRA is apparently a truncated pseudogene (Chaw et al., unpublished data) . Duplication of this gene cluster most likely represents a major structural difference between the cpDNAs of monocots and dicots.
Our comparative analysis shows that the substitutions per nucleotide site of protein-coding genes between P. aphrodite and grasses are highly divergent ( fig. 3) . In P. aphrodites all the protein-coding rRNA and tRNA genes evolve at much slower rates than in the grasses, as indicated in the figure 5A1-D1. The plastid genes of grasses were reported to have the fastest evolutionary rate (e.g., Clegg at al. 1994 ) among angiosperms, but our analysis further reveals that the rate differences between the orchid and grasses were primarily a result of the high K a rate in genes encoding the transcription/translation apparatus and miscellaneous proteins (see Supplementary table 1, Supplementary Material online). The meaning of the high correlation to the evolution of those genes deserves further investigation. NdhA and rpl16 intron sequences were suggested to be good candidates for phylogenetic studies at infrafamilial levels (Kim and Lee 2004) . Our analysis indicates that the trnK and rps16 introns may potentially be useful phylogenetically too. Chaw et al. (2005) used the indels of the former to infer the phylogeny of cycad genera.
The cpDNA of P. aphrodites contains 24 ORFs (besides ycf1 and ycf2), which encode 77-177 amino acids. Notably, unlike in P. aphrodites and another monocot, A. calamus, the grass lineage has 20 ORFs and lacks the two giant ORFs, ycf1 and ycf 2, which are present in all known cpDNAs of the dicots and are essential to cell survival in tobacco (Drescher et al. 2000) . Therefore, in the grasses these two genes have probably been transferred to the nuclear genome. Further work on the functional genomics of the 24 ORFs is required to elucidate the evolution of such diversified ORFs in P. aphrodites.
The Ancestral Plastid ndh Copies of P. aphrodites May Have Been Transferred to the Nucleus
Chloroplasts were once free-living cyanobacteria and now retain preserved remnants of eubacterial genomes (Martin et al. 1998 ), but some of their genes have been transferred to the nucleus during evolution (Palmer 1985 (Palmer , 1991 Martin et al. 2002) . The ndh genes that encode the 11 subunits of the nicotinamide adenine dinucleotide dehydrogenase complex are involved in the cyclic electron flow of photosystem I and chloroplast respiration (Burrows et al. 1998 ). We did not detect RNA editing in the ndhD, ndhJ, and ndhK transcripts, implying that the eight variously truncated and frameshifted ndh genes are probably pseudogenes. Loss of all functional ndh genes was reported in
The Chloroplast Genome of Phalaenopsis 287 the cpDNAs of the parasitic plant Epifagus virginiana (Wolfe, Morden, and Palmer 1992) and in P. thunbergii (Wakasugi et al. 1994) . Some orchids also do not have the plastid ndhF (Neyland and Urbatsch 1996) . We have confirmed the in-frame sequences of the lost plastid genes ndhA, ndhF, and ndhH in the total DNA of P. aphrodites by PCR assay (unpublished data), implying that the ancestral functional ndh copies of the plastid may have been transferred to the nuclear genome. Further studies will unravel the details of the lost ndh genes in the plastid of P. aphrodites.
Correlation of K a and K s Values Is Significantly Positive in the Genes Encoding Expression
Ideally, rate comparison should be made in a multilocus context (Clegg et al. 1994; Gaut et al. 1997) . For example, the minimum generation time effect should influence rates in all loci within a genome, and therefore ''evidence of generation time effects should be consistent across loci'' . The evolutionary force affecting multiple genes in plastid nucleotide substitution rates among monocot lineages remains unexplored. The complete cpDNA of the orchid provides an opportunity for just such a comparison. We hereby extend the previous work of Gaut et al. (1997) and compare the K s and K a values to examine rate dynamics at the shared 65 protein-coding genes in Phalaenopsis and the grass lineages. The comparisons across 2 or 33 plastid genes have indicated that K s and K a are uncoupled (uncorrelated) Muse and Gaut 1997) . However, our data clearly indicate that in monocots the K s and K a values are slightly but significantly correlated (Pearson's r 5 0.38, P 5 0.0016) across 65 plastid protein-coding genes, and this correlation is even strongly significant in the genes encoding expression.
The generation time of S. officinarum (sugarcane) is 1-2 years (Australian Government 2004) , which is longer than the other four selected annual grasses (Clayton and Renvoize 1986) . We observed that both K s and K a values of sugarcane are not significantly different from those of rice, wheat, and maize (data not shown). In contrast, P. aphrodite is a perennial epiphytic orchid and takes 2-3 years to set flowers and seeds (Chang et al. 2000) . Because in the orchid and grasses a strong positive correlation exists between K s and K a values of their plastid expression genes, it appears that there is some evidence for generation time effects. Furthermore, because the PA and PM have relatively low (or conserved) K a , we consider that the selection may dominantly take effect on the nonsynonymous sites of these genes.
The Amborella-Nymphaeales-Basal Hypothesis Receives More Support With the BI, MP, and GTR 1 G 1 I-NJ analyses in this study, the ML analysis in both Goremykin et al. (2005) and Leebens-Mack et al. (2005) , and the MP and Hasegawa, Kishino, Yano (HKY)-NJ analyses in LeebensMack et al. (2005) , which held that the concatenated cpDNA data sets do not support the monocot/grasses-basal hypothesis, the approaches which still support this hypothesis are the K a -NJ analyses in Goremykin et al. (2003a Goremykin et al. ( , 2003b Goremykin et al. ( , 2004 and this study and the MP and GTR-NJ analyses in Goremykin et al. (2005) . Overall then, the growing cpDNA databases provide stronger support for the Amborella-Nymphaea/Amborella-basal than the grasses-basal hypothesis. If the latter hypothesis does stand the test of time, then considerable reinterpretation of the evolution of dicots and nongrass monocots will be required.
The Third Codon Positions Are Informative But with ''Misinformative'' Transitional Sites Because one (or perhaps none) of the above two hypotheses represents the true phylogeny of angiosperms, we would like to echo the comment of Leebens-Mack et al. (2005) that ''inconsistencies among results derived from different approaches, models or datasets should be examined and explained rather than ignored.'' Saturation at the third codon position of plastid genes has previously been documented (e.g., Goremykin et al. 1997 Goremykin et al. , 2003a Goremykin et al. , 2003b Goremykin et al. , 2004 Chaw et al. 2004) , and amino acid composition bias in chloroplast proteins can strongly affect the plastid genome phylogeny (Martin et al. 2002) . Nevertheless, Leebens-Mack et al. (2005, fig. 2 ) claimed that saturation did not seriously bias distance estimates because they mapped a linear relationship between the genetic divergences (HKY distance) occurring at the first two and the third codon positions. However, a close inspection of their figure 2 proves that the HKY distances at the third codon position increase much faster than at the first two. That is, if the x axis (first two positions) and y axis (third position) are at the same scale, a regression line for those distance dots would incline to the y axis. Hence, in the data set of Leebens-Mack et al. (2005) substitutions at the third codon position likely have the tendency to be saturated.
We found that the K s values of intron-containing genes and the T s values of their introns are moderately correlated. Does our finding connote that evolutionary constraint actually occurs at the third codon position? Is it appropriate to simply exclude the third codon position from the distancebased NJ analysis or only use the K a distances in NJ analysis for plastid genes? To test this assumption, the K2P-based NJ analysis was used to analyze the two new data sets: (1) the first two and (2) the third codon positions of our 20 cpDNA data set (or with the five grasses removed) separately. The T v distances of both new data sets supported the Amborella-Nymphales-basal hypothesis. In contrast, the T s distances of the first two positions yielded a tree similar to the K a -NJ tree of figure 5D1 , which sustains the monocot basal hypothesis. The T s distances of the third position data set yielded a tree identical to that of figure 5D2 , in which, as pointed out before, the lineage relationships within the sampled eight core eudicots were unreasonable. Hence, it is very obvious that transitional and transversional sites at the first two codon positions contain conflicting phylogenetic signals. Furthermore, transitional sites at the third codon position consist of misinformative characters that can yield incorrect phylogenies.
The A-T is very rich in plastid genes and particularly strong at the third codon position (Martin et al. 2002; Goremykin et al. 2003a Goremykin et al. , 2003b Goremykin et al. , 2004 Chaw et al. 2004) , so that there are base-composition biases in the concatenated plastid protein-coding sequence data, and ''most methods will incorrectly group OTUs with similar base composition'' (Li and Graur 1999) . Moreover, when there are many homoplasies in the data, MP methods will yield erroneous trees (Li and Graur 1999) . Therefore, cautious selection of DNA substitution models and methods is a prerequisite for analyzing cpDNA data set. Finally, we would like to defer to the comment of Goremykin et al. (2005) that ''model misspecification may also arise due to fitting a single model to an alignment that contains many concatenated genes'' because a highly variable substitution pattern was observed among the cpDNA genes of the sampled monocots.
Concerning the discrepancies in the resolution of angiosperm phylogeny, such issues as taxon sampling, the fitness of model to the data, and model specification have been comprehensively discussed and reviewed (e.g., Soltis et al. 2004; Goremykin et al. 2005; Leebens-Mack et al. 2005; Martin et al. 2005 ; and reference herein). However, analysis of a larger data set with quantities of genes and taxa is needed to unambiguously address the deepest questions in angiosperm phylogeny.
Supplementary Material
Supplementary tables 1-3 and figure 1A-C are available at Molecular Biology and Evolution online (http:// www.mbe.oxfordjournals.org/).
Supplementary RNA gel blot analysis: 5 lg of total RNA from P. aphrodite (Lanes 1 and 3) and tobacco (Lanes 2 and 4) was loaded. Probes are indicated below each gel. The rrn23 transcripts of expected 2,808 bp were detected when the orf91 sense probe was used as a control. In contrast, 2,050-bp RNA transcripts in the total RNA were detected in Phalaenopsis and tobacco when an orf91 antisense probe was used. Tajima, F. 1993 The Chloroplast Genome of Phalaenopsis 291
